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Abstract

The influence of Reynolds number on the performance of outboard spoilers and
ailerons was investigated on a generic subsonic transport configuration in the
National Transonic Facility over a chord Reynolds number range from 3x10° 10
30x10% and a Mach number range from 0.50 to 0.94. Spoiler deflection angles of 0°,
10°, 15° and 20° and aileron deflection angles of -10° 0° and 10° were fested.
Aeroelastic effects were minimized by testing at constant normalized dynamic pres-
sure conditions over intermediate Reynolds number ranges. Results indicated that the
increment in rolling moment due to spoiler deflection generally becomes more nega-
tive as the Reynolds number increases from 3x10° to 22x10° with only small changes
between Reynolds numbers of 22x106 and 30x106. The change in the increment in
rolling moment coefficient with Reynolds number for the aileron deflected configura-
tion is generally small with a general trend of increasing magnitude with increasing

Reynolds number.

Introduction

Lateral control devices are typically designed using
empirical tools, analytical mcthods, and wind tunnel
tests. Conventional wind tunnel tests typically provide
results at Reynolds numbers significantly below those
encountered in flight. Thus, some form of adjustment
may be nceded to account for the cffects of Reynolds
number on the results. A series of wind tunnel tests were
undertaken to investigate the effect of Reynolds number
on the performance of ailerons and spoilers on a generic
subsonic transport configuration.

The generic wing-body configuration used in the
wind tunnel tests was representative of a subsonic com-
mercial transport configuration. The body was the
Pathfinder-1 fuselage described in reference 1. The wing,
referred to as the “Pathfinder-I Lateral Controls Wing,”
was based on the Energy Efficient Transport (EET) con-
figuration, described in reference |. The Lateral Controls
Wing had provisions for mounting inboard spoilers and
ailerons and outboard spoilers and ailerons. Pressure ori-
fices were installed in chordwise rows on the wing.

The purpose of this report is to present results from
two wind tunnel tests that investigated the effects of Rey-
nolds number on the performance of lateral control
devices. The first test studied the effect of Reynolds
number on the performance of outboard spoilers, and the
second test studied the effect of Reynolds mumber on the
performance of outboard ailerons. Results arc presented
at Mach numbers from 0.50 to 0.94 at Reynolds num-
bers, based on the mean geometric chord, of 3><10(’,
13x109, 22x109, and 30x10°.

Symbols and Abbreviations

All dimensional data are presented in U.S. custom-
ary units. The longitudinal force and moment data are
presented in coefficient form in the stability axis system.

The lateral moment data are presented in coefficient
form in the body axis system as shown in figure 1. The
moment reference center was located 37.922 inches
downstream of the model nose and 1.563 inches below
the centerline of the model fusclage. The symbols and
abbreviations are defined as follows:

b reference span, 52.97 in.

c local chord, in.

c mean geometric chord, 5.742 in.

Cp  dragcoefficient, D /4. S

C lift coefficient, L /9..S

G rolling moment coefficient, M, /q..Sb

Chu pitching moment coefficient, M, /q..S¢

C, yawing moment coefficient, M, /q..Sb

o wing static pressure cocfficient, (p-po.)/q..

va,(, static pressure coefficient at the wing trailing
cdge, (PrePool/qe

D drag, Ibf

wing material modulus of elasticity (Young’s
modulus), Ibf/fi2

EET Energy Efficient Transport
ESP electronically scanncd pressure

Inter. intermediate

L lift, Ibf”

M, rolling moment, in-lbf
M", pitching moment, in-1bf
M yawing moment, in-1bf
M, free stream Mach number

NTF National Transonic Facility

p local static pressure, Ibf/ft>



Pre static pressurc at wing trailing edge, Ibf/ft>

Poo free stream static pressure, Ihf/ft?

qo free strcam dynamic pressure, Ibi/ft?

R; Reynolds number based on mean gcometric

chord

sta model streamwise station, in.

S wing reference (trapezoidal) arca, 1.9884 f?

T, stagnation temperature, °F

V. frec stream velocity, ft/sec

X,Y,Z  model axis system

x/c local chord fraction

¥ distance in spanwise dircction, positive out the
right wing, in.

o angle of attack, deg

A change in a parameter

d, aileron deflection, positive trailing cdge down,
deg

J spotiler deflection, deg

1 wing semispan fraction, y/b/2

c standard deviation

Experimental Apparatus

Test Facility

The National Transonic Facility (NTF) is a
fan-driven, closed-circuit, continuous-flow, pressurized
wind tunnel (ref. 2). It may be operated as a conventional
wind tunnel using air as a test gas or as a cryogenic wind
tunnel using nitrogen as a test gas. When operated as a
conventional wind tunnel, heat is removed by a
water-cooled heat exchanger located at the upstrcam end
of the settling chamber. When operated as a cryogenic
tunnel, heat is removed by the evaporation of liquid
nitrogen which is sprayed into the tunnel circuit ahead of
the fan. Nitrogen gas is vented to maintain a constant
total pressure. NTF capabilities allow testing of aircraft
configurations at Mach numbers ranging from low sub-
sonic o low supersonic, at Reynolds numbers up to
full-scale flight values (depending on aircraft type and
size). The test section is 8.2 fect by 8.2 feet in cross sec-
tion and 25 feet in length. Longitudinal slots in the floor
and ceiling give a wall-openness ratio of 6 percent. The
test-section sidewalls are solid. The NTF is capable of an
absolute pressure range from |5 psi to 125 psi, a stagna-
tion temperature range from -320°F to 150°F, a Mach
number range from 0.2 to 1.2, and a maximum Reynolds
number per foot of 146x10° at a Mach number of 1.

Free stream turbulence is reduced by four damping
screens and the 15:1 contraction ratio between the set-
thing chamber and the test section. An initial assessment
of the flow quality in the NTF has been reported in refer-
ence 3. Conventional model support is provided by an
aft-mounted sting attached to a vertically mounted arc
sector. The pitch range of the arc sector is from about
-11° to 19°, depending on the test setup. A remotely con-
trolled roll coupling, with a range from -180° to 180°,
provides the interface between the arc sector and the
sting. The test-section floor, ceiling, and reentry flap
angles were fixed during these tests.

Model Description

The generic low-wing subsonic transporl wing
known as the NTF Pathfinder-I Lateral Controls Wing
was used in this investigation. The wing is designed for
use with the existing NTF Pathfinder-1 subsonic trans-
port model fuselage components (ref. 1). A 10.5-inch
fuselage extension plug was inserted between the nose
and wing to provide a more realistic ratio of fusclage
length to wing span. Wing-fuselage fillets typical of cur-
rent subsonic transport designs were installed at the wing
root. The model is designed to accept inboard and out-
board spoilers and ailerons. Photographs of the model
installed in the NTF test section arc presented in figure 2.
Sketches of the model general arrangement, the outboard
spoilers, and the outboard ailerons arc presented in
figure 3.

The wing design, based on the EET wing reported in
reference 1, incorporated supercritical airfoil sections
with blunt trailing edges. It was manufactured from Vas-
comax T-200 stecl and had a surface finish of
8 microinches for the first 15 percent of the local chord
and 16 microinches for the remainder. The planform
break is located at 1 =0.376, with cxtended chord
lengths inboard of this station. (See fig. 3(a).) Wing
attributes, presented in table 1, were based on the trape-
zoidal reference planform formed by extending the out-
board leading and trailing edge lines to the centerlinc and
to the wingtip station. The cruise design condition is for a
lift coefficient of 0.55 at a Mach number of 0.82.
Because the wind tunnel model is not a scaled represen-
tation of a full-scale aircraft, a cruise Reynolds number is
not defined. The model wing was not designed to deform
acroelastically to a specific shape at the cruise condition,
since the cruise Reynolds number (and tunnel dynamic
pressure) is not defined. The rear portion of the outboard
portion of the port wing panel was removable so that dif-
ferent pieces simulating different outboard aileron
deflections could be installed. Provisions were also made
to install spoilers on the center portion of the port wing
panel.



The outboard spoilers consisted of two panels for
each of the three spoiler deflections: 10°, 15°, and 20°,
Details about the spoilers arc presented in figure 3(b).
Spoilers were mounted only on the port wing on a
0.550 inch by 2.500 inch pad integral to each spoiler.
The angle machined into the pad determined the deflec-
tion angle. The pad was machined to match the local
wing contour. The spoiler panels were removed for the
0° deflection case. When installed, each spoiler panel
was sealed to the wing surface to prevent any flow from
going between the spoiler panel and the wing upper sur-
face. The two spoiler panels were always installed with
the same deflection angle.

The outhoard aileron consisted of a single machined
piece for each of the three aileron deflections: -10°, 0°,
and 10°. Details of the ailerons are presented in fig-
ure 3(c). The trailing edge down deflection was assigned
the positive value. When installed, the machined piece
for the aileron was scaled to the wing along the upstream
edge. Ailerons were mounted only on the port wing
pancl.

The wing contains 258 static pressure orifices dis-
tributed in 7 chordwise rows. (See fig. 3(a).) Nominal
chordwise locations in each row arc listed in tables 2
and 3. To simplify model fabrication and maximize wing
strength, upper surface orifices are located in the port
wing panel and lower surfacc orifices are located in the
starboard wing panel. The nominal orifice diameter was
0.015 inch.

Instrumentation

Aerodynamic force and moment data were obtained
with a six-component, strain-gage balance. For each
wind tunnel test, the NTF balance with the smallest load
capacity that exceeded the expected model loads was
selected. All NTF balances were not always available
because of periodic maintenance such as moisture proof-
ing. Thus, different balances were used for the two tests
as shown in table 4. The NTF101B balance was used for
the outboard spoiler test and the NTF113B balance was
used for the outhoard aileron test. The 26 accuracy of
each component of each balance was determinced from
the measured and applied loads from the balance calibra-
tion. The full-scale loads and quoted accuracies as a per-
cent of the full-scale loads are presented in table 4.

The accuracy of the measurement instruments was
used to estimate the error bands for the model force and
moment coefficients for the loads encountered near the
angle of attack for the design lift coefficient using the
technique described in reference 4. Error bands for the
force and moment coefficients based on the quoted
instrumentation accuracies for the two tunnel tests are
presented in table 5. As expected, the uncertainty in each

of the force and moment coefficients decreases with
increasing dynamic pressure. Changes in results smaller
than the measurement uncertainty should not be consid-

- cred significant.

An onboard, heated, single-axis accelerometer pack-
age was used to measure the model angle of attack. The
accclerometer package has a quoted accuracy of +0.01°
under smooth wind tunnel operating conditions (ref. 5).
For the test conditions presented in this report, the model
dynamic acceleration was small and was not expected to
have a significant impact on the accuracy of the angle of
attack measurement.

Wing-pressure measurements were made with six
48-port, clectronically scanned pressure (ESP) modules
contained in an internal, nose-mounted, heated enclo-
surc, The upper surface (port wing) pressurcs were mea-
surcd using modules having a full-scale pressure range of
45 psid; the lower surface (starboard wing) pressures
were measured using modules having a range of
130 psid. The quoted accuracy of the modules was
+0.20 percent of full-scale pressure. The modules were
calibrated immediately before each series of runs. Body
cavity pressures were measured at two locations inside
the fuselage cavity using an ESP module with a full-scale
pressure range of £2.5 psid.

The wind tunnel total and static pressures were mea-
sured using two banks of quartz. Bourdon tube transduc-
ers referenced 10 a vacuum. A controller selects the
smallest transducer from each bank capable of measuring
the total and the static pressures. The manufacturer’s
quoted accuracy for thesc pressure transducers is
+().012 percent of reading plus +0.006 percent of full
scale. Since data were obtained at three levels of
dynamic pressure (to be discussed later), different trans-
ducers in each bank were used depending on the test con-
ditions. For the low level dynamic pressure data, 30 psi
transducers were used for both the total and static pres-
sure measurements. For the intermediate level dynamic
pressure data, 50 psi transducers were used for both the
total and static pressure measurcments. For the high level
dynamic pressure data, a 100 psi transducer was used for
the total pressure measurement and a 50 psi transducer
was uscd for the static pressure measurement. The tunnel
total temperature was measured with a platinum resis-
tance thermometer with an accuracy of +0.2°F.

Procedures

Data Reduction and Corrections

Information on NTF instrumentation devices, tunnel
process and data-acquisition systems, and data-reduction
algorithms are provided in reference 6. Balance output is
sensitive to the balance temperature as well as the



balance longitudinal temperature gradient. Balance read-
ings were compensated for changes in balance tempera-
ture between the wind-on and wind-off conditions. Also,
temperature gradients within the balance were minimized
by allowing the balance to approach thermal equilibrium
with the tunnel flow before recording any data. Balance
temperature gradients of less than 10°F were maintained
throughout these tests. Wind-off data were acquired prior
to and following each set of runs to monitor balance elec-
trical zero shifts over the course of a set of runs. The end-
ing wind-off point was used for all data reduction
because the thermal state of the balance (for both temper-
ature and temperaturc gradient) at the end of a set of runs
was gencrally more representative of the wind-on
conditions.

Axial force and drag were corrected to the condition
of free strcam static pressure acting in the body cavity.
No corrections were required for normal force or pitch-
ing moment for the static pressure acting in the body cav-
ity. A buoyancy correction was applied to the drag
coefficient based on the longitudinal Mach number gra-
dient measured in the test section during the tunnel cali-
bration. The data used in this report were not corrected
for test-section wall interference or for sting interference.

The model angle of attack was corrected for upflow
in the test section, with the upflow angle determined
from data acquired with the model in both upright and
inverted orientations at a given set of tunnel conditions.
In each test, an upright and inverted run was obtained for
each Reynolds number at the design Mach number, 0.82,
and the resulting upflow correction applied across the
Mach number range except for the results at a Mach
number of 0.50. Additional upright and inverted runs at a
Mach number of 0.50 were used to correct the data at that
Mach number. Upflow angles ranged from about 0.13° to
about 0.18°.

Tests

The test program was designed to investigate the
effects of Reynolds number at transonic speeds on the
performance of different lateral control devices. The
Mach number range covered speeds from below the
design Mach number to above the maximum operating
Mach number of a typical subsonic commercial trans-
port. The Mach number range for the outboard spoiler
test was from 0.70 to 0.94 and for the outboard aileron
test was from 0.50 to 0.94. The lowest Reynolds number
was representative of the Reynolds numbers obtained on
similarly sized modcls in conventional transonic wind
tunnels (Rz = 3x10° ). The highest Reynolds number was
representative of a moderate sized commercial transport
at cruise (Rg= 3O><106) Two addmonal Reynolds num-
bers (R; = 13x10% and R; =22x10° ) were included to

assess Reynolds number effects. At each test condition,
the angle of attack was varied from about -2° (approxi-
mately the angle of zero lift) to about 6° (onset of model
pitch angle dynamics). The test matrix for the outboard
spoilers is presented in table 6 and the test matrix for the
outboard ailerons is presented in table 7.

The wind tunnel model wing will deform under load.
Testing at different dynamic pressures will yield differ-
ent model loads and, consequently, different model
deformations. The effects of model deformation should
be removed from the ecxperimental results. Static
aeroelastic deformation of the wing depends on the
applied load and the material stiffness. An indicator of
static aeroelastic deformation is the nondimensional ratio
of dynamic pressure (g.,,) to the modulus of elasticity (E)
for the metal that was used in the wing. The parameter
q./E is appropriate for characterizing aeroelastic condi-
tion because the material stiffness E increases as the tem-
perature decrcascs. To eliminate the effect of static
acroelastic deformation, the model should be tested at
constant g /E.

Although the operating characteristics of the NTF
allow independent variation of Mach number, Reynolds
number, and dynamic pressure, constraints from the NTF
operating envelope prevent testing at a constant dynamic
pressure across the full range of desired Mach numbers
and Reynolds numbers. The NTF operating envelope for
the Pathfinder-T Lateral Controls Model at a Mach num-
ber of 0.82, shown in figure 4, demonstrates the problem.
Onc option is to test at a high dynamic pressure
(g./E =0.61x10° %) over a reduced Reynolds number
range from about 7x10° to 30x10°. Extensive testing at
such high levcls of dynamic pressure is not preferred
because of the high liquid nitrogen consumption. The
desired test matrix could not be completed at this high
dynamic pressure because the required liquid nitrogen
exceeded the amount available for the test. An alternate
approach that limits the testing required at the high
dynamic pressurc was sclected. This approach provides
Reynolds number effects at three levels of dynamic pres-
sure and static aeroelastic (i.¢., dynamic pressure) effects
at two intermediate Reynolds numbers as noted by the
solid circles in figure 4. The results at Reynolds numbers
of 3x10% and l3><106 are obtained at the baseline
q./E = 0.28x10® (low range), the results at a Reyno]ds
number of 22x10% are obtained at ¢./E =0. 45x10°°
(intermediate rangc) and the results at a Reynolds num-
ber of 30x10® are obtained at ¢./E = 0.61x10° (hlgh
range). The results for a Reynolds number of 22x10° are
corrected for the static aeroelastic increment between
q./E=0.45x10° and q./E =0.28x0°5. Slmlldrly, the
results for a Reynolds number of ?OXIO are corrected
for two static aeroelastic increments: the first between
q./E = 0.61x10° and qw/E=0.45xIO'6 and the second



between ¢,/ = 0.45x10°® and q./E = 0.28x10°8. Details
of the corrections as well as uncorrected and corrected
longitudinal  aerodynamic  characteristics of the
Pathfinder-I Lateral Controls Wing with the controls
undeflected are presented in the Appendix.

Each time the model is assembled, small differences
in the clean (no deflected control surface) wing are possi-
ble, lcading to small differences in the baseline rolling
moment coefficients., Also, small manufacturing differ-
ences created small asymmetries in the model. To mini-
mize these effects, the effect of control surface deflection
was determined from the difference between the results
with the control surface deflected and the results with the
control surface set to 0° (clean wing). Separate clcan
wing data were obtained for each test.

Clean wing data were not obtained during the out-
board spoiler test at the intermediate dynamic pressure
level at a Reynolds number of 13x10° and the high
dynamic pressurc at a Reynolds number of 22x10° for
Mach numbers from 0.70 to 0.88. (Sec table 6.) Esti-
mated clean wing data were needed to determine the
increments in the force and moment coefficients due to
spoiler deflection. Examination of the increments in the
force and moment coefficients from three other wind
tunnel tests of the Lateral Controls Wing due to increas-
ing the dynamic pressure from the low to the intermedi-
atc levels and from the intermediate to high levels
showed similar static aeroclastic effects for each test.
Since the static aeroelastic increments are relatively inde-
pendent of the test, the missing clean wing data were
estimated by adding the average static acroelastic incre-
ment from the other three Lateral Controls Wing tests to
the available clean wing data from the outboard spoiler
test.

The outboard spoiler and aileron tests did not include
a complete set of results at a Reynolds number of 13x10°
for 8;=10° and &, = 10°. Without the static aeroelastic
increment at that Reynolds number, the results at the two
higher Reynolds numbers could not be corrected using
the standard procedure described in the Appendix. The
acroclastic increment between the intermediate and high
dynamic pressure levels at a Reynolds number of 22x10°
was used to calculate the sensitivity of each of the force
and moment coefficients to a change in the dynamic
pressurc. This sensitivity was used to correct the results
at a Reynolds number of 22x10° at the intermediate
dynamic pressure level to the baseline dynamic pressure
level. In a similar fashion, the sensitivity was used to cor-
rect the results at a Reynolds number of 30x10° at the
high dynamic pressure level to the bascline dynamic
pressure level. This procedure was tested on the com-
plete set of results for § = 20° and found to provide rea-
sonable agreement with results from the standard

correction procedurc. An example of the modified
aeroelastic correction procedure is described in the
Appendix.

All polars were obtained in a “pitch-pause” mode in
which the model is pitched to the next angle of attack in
the series, transients in the flow and instrumentation are
allowed to damp out, and the data are then recorded
before repeating the cycle.

Wing pressure data acquisition required ESP hard-
ware (tubing for the reference pressure, calibration pres-
surc, and control pressure and electrical wires for data
acquisition and control) to bridge the balance. Previous
test experiences (e.g., ref. 7) indicated that the presence
of the ESP instrumentation had a small effect on the lift
and pitching moment measurcments but could have a
significant effect on the drag measurements. Thus, drag
data from the NTF measurcd with the ESP hardware
present have been used with caution and are frequently
excluded in the analysis of the test results.

The results at the two lower Reynolds numbers,
3x10% and 13x10°, were obtained with the boundary
layer transition location artificially fixed on the nose of
the model and on the wing upper and lower surfaces.
Epoxy disks were selected for the trip strips because they
provide a repeatable configuration unlike grit (ref. 8).
The disks, 0.0035 inch high and 0.045 inch in diamecter,
were installed with the disk centers 0.100 inch apart.
Disk height was determined using the method described
in reference 9. The ring of disks on the fuselage nose was
located 1.00 inch downstream of the nose (sta =-9.5 in.).
The rows of disks on each surface of the wing were laid
out in two straight lines—f{rom near the wing root to the
leading edge break and from the leading edge break to
near the tip—as shown in figure 5. The trip location var-
ies from about x/c = 0.05 at the root 1o about x/c = 0.10 at
the tip. Natural boundary layer transition (strips of trip
disks removed) was used for tests at the two higher Rey-
nolds numbers, 22x10% and 30x10%, since transition is
estimated to occur within the first 5 percent of the local
chord.

Repeatability

The Lateral Controls Wing has been tested threec
times with the wing-fuselage fillets: investigating out-
board spoilers, inboard ailerons, and outboard ailerons.
Repeat runs were obtained at a Mach number of 0.82 and
a Reynolds number of 3x10° for the clean wing during
cach test. These runs were analyzed to assess the data
repcatability using the regression statistical analysis of
reference 10. The statistical analysis was applied over an
angle of attack range from -1° to 3°. The estimated mean
value was calculated from a fourth-order polynomial
regression equation fitted to the results. From the



mecasured data and the estimated mean value, the residual
crror, the 95-percent confidence interval, and the
95-percent prediction interval were determined. The
95-percent confidence interval is the bounds about the
estimatcd mean valuc that encompass the true mean with
a 95-percent probability. The 95-percent prediction inter-
val is the bounds about the estimated mean value that
will contain a single future measurement with a
95-percent probability. The confidence interval is related
to the location of the true mean and the prediction inter-
val is a measure of the data scatter. As defined in refer-
ence 10, confidence and prediction intervals arc
inversely proportional to the number of measurements in
the data set and the local density of the measurements,
Thus, at the ends of the intervals, the local density of the
points decreases and the confidence and prediction inter-
vals widen. The results from the statistical analysis arc
presented in figure 6. In general, the repeatability is
good, with the confidence interval similar in magnitude
to the measurement uncertainty.

Results and Discussion

Outhoard spoilers

The effect of outhboard spoiler deflection for the
force and moment coefficients was determined from the
increment (difference) in the coefficient with the spoller
deflected and with the clean wing. The increment is
denoted by a delta (A) preceding the coefficicnt. The
effect of Reynolds number on the increments in the force
and moment cocfficients is presented in figures 7 and 8
for spoiler deflections of 10° and 20°. For the lower
angles of attack, the increment in rolling moment coeffi-
cient due to spoiler deflection is relatively constant at the
lowest Mach number of 0.70. The level becomes more
negative as the Reynolds number increases from 3x108
to 22x108. A smaller change is found between Reynolds
numbers of 22x10® and 30x10°. It should be noted that
these changes in rolling moment coefficient are larger
than the test-to-test repeatability (=0.0002) and the
uncertainty in the rolling moment coefficient (=0.0001 to
=0.0003). As the angle of attack increases above 5°, the
increment in rolling moment coefficient becomes less
negative. Model pitch dynamics frequently occurred in
this part of the test envelope, limiting the extent of the
angle of attack range. As the Mach numbcr increases, the
region of less negative rolling moment coefficients
occurs at smaller angles of attack so that eventually the
relatively constant rolling moment coefficient portion
ccascs. The yawing moment, pitching moment, and lift
cocfficient increments show the cxpected trends. In
regions where the increment in rolling moment coeffi-
cient is relatively constant, the yawing moment coeffi-
cient and the lift coefficient increments are negative and

the pitching moment coefficient increment is positive. In
regions where the increment in rolling moment coeffi-
cient is becoming less negative, the yawing moment and
lift cocfficient increments are also becoming less nega-
tive and the pitching moment coefficient increment is
becoming less positive.

The basic results from figures 7 and 8 were curve fit,
and fitted values at angles of attack of -1.5° 0.0°, and
2.0° were cross-plotted to determine the variation of the
increment in rolling moment coefficient with Reynolds
number for two spoiler deflections and the results are
presented in figure 9. The angle for zero lift is about
-1.5° and the angle for design lift is about 2.0° al the
design Mach number of 0.82. In most cases, the incre-
ment in rolling moment coefficient due to spoiler deflec-
tion becomes more negative as the Reynolds numbcr
increases from 3x10° to 22x10°. Typically, there is only
a small change in the rolling moment Coefﬁuenl between
Reynolds numbers of 22x10° and 30x10°. The influence
of Reynolds number on the increment in rolling moment
coefficient is generally larger for the 20° spoiler
deflection.

The basic results from figures 7 and 8 along with the
results for a spoiler deflection of 15° were cross-plotted
at the same angles of attack to determine the variation of
the increment in rolling moment cocfficient with spoiler
deflection, and the results are presented in figure 10. In
general, spoiler roll control power, as determined from
the slopes of the curves, decreases at the higher Mach
numbers. Increasing the Reynolds number generally
increased the roll control power.

Reynolds number will have an influence on the wing
pressure distributions. Direct comparisons of the pres-
sure distributions on the wing for the different spoiler
deflections are not possible because of the differences in
the angle of attack for the data at a given Reynolds num-
ber, dynamic pressure, and Mach number. At each com-
bination of Reynolds number, dynamic pressure, and
Mach number, the pressure coefficient from each pres-
sure orifice was curve fit as a function of angle of attack
and fitted values selected at four angles of attack: -1.5°,

'0°, 2°, and either 3.5° or 4° (depending on the maximum

measured angle of attdck) Resuits at Reynolds numbers
of 22x10° and 30x10® were corrected for static aeroelas-
tic effects in a manner similar to that used for the force
and moment data.

The effect of Reynolds number on the trailing edge
pressure distributions with and without the spoilers
deflected is presented in figure 11. Since there was an
incomplete set of clean wing data, the undeflected results
were taken from the starboard wing panel. For the clean
wing, the trailing edge pressurc coefficient becomes
more positive (less negative) as the Reynolds number



increases. Separated flow regions tend to become smaller
as the Reynolds number increases. (See, for example,
a=4° at M_=0.82.) For the spoiler deflected, there is a
significant separated flow rcgion downstream of the
spoiler, as shown by the negative pressure coefficients at
n=-0.44 1o n=-0.69. (The spoiler hinge line extended
from M=-0.430 to N=-0.669.) Up through a Mach number
of 0.85, the peak negative pressure coefficient becomes
less negative with increasing Reynolds number. The
spanwisc pressure coefficient distribution does not
change drastically with increasing angle of attack. At the
higher angles of attack, especially at the higher Mach
numbers, a separated flow region developed on the clean
wing near the mid-span portion of the wing. This region
grew with increasing Mach number and angle of attack.
The loss of lift on the clean wing panel from the sepa-
rated flow region increascs so as to reduce the effcctive-
ness of the spoiler on the opposite wing panel.

Two chordwisc rows of pressure orifices, al
1N=-0.509 and M=-0.630, crossed the spanwise stations
covered by the spoilers. Because there was an incomplete
set of clean wing data, aeroelastic corrections to the
upper surface pressure data at the two higher Reynolds
numbers were not possible. The effect of Reynolds num-
ber on the upper surface chordwise pressure distributions
is presented in figures 12 and 13 for the two spanwise
rows covered by the spoilers. In general, the only signifi-
cant effect on the pressure distribution of increasing the
Reynolds number was to shift the shock aft. This hap-
pencd both with and without the spoilers deflected.

Outboard ailerons

The effect of Reynolds number on the increments in
the force and moment coefficients is presented in figures
14 and 15 for aileron deflections of -10° and 10°. For the
angles of attack used in this investigation, the increment
in rolling moment coefficient due to aileron deflection
was relatively constant for Mach numbers through 0.82.
For Mach numbers from 0.80 through 0.91, the magni-
tude of the increment in the rolling moment coefficient
was smallest at a Reynolds number of 3x10° and gener-
ally increased as thc Reynolds number increased. As
expected, for the positive aileron deflection, the incre-
ment in lift coefficient was positive and the increment in
pitching moment coefficient was negative. The negative
aileron deflection had the opposite effect.

The basic results from figures 14 and 15 were curve
fit and cross-plotted at angles of attack of -1.25°, 0°, and
2° to determine the increment in rolling moment coeffi-
cient with Reynolds number for both aileron deflection
angles and the results are presented in figure 16. The

effect of Reynolds number on the increment in rolling
moment coefficient is generally small with a general
trend of incréasing magnitude with increasing Reynolds
number.

The basic results from figures 14 and 15 were curve
fit and cross-plotted at angles of attack of -1.25°, 0°, and
2° to determine the increment in rolling moment coeffi-
cient with aileron deflection angle for constant Reynolds
number and the results are presented in figure 17. In gen-
cral, the aileron control power increases with Reynolds

number and is larger for the negative aileron deflection.

Pressure data were not obtained for the two lower
Reynolds numbers in the outboard aileron test; therefore
the effect of Reynolds number on the trailing edge pres-
sure coefficient distribution and the chordwise pressure
coefficient distribution could not be determined.

Conclusions

Data from two tests of a wing-body configuration in
the NTF have been analyzed to study the effect of Rey-
nolds number on the performance of lateral control
devices. The results indicated the following conclusions:

1. In most cases, the increment in rolling moment
due to spoiler deflection becomes morc negative as the
Reynolds number increases from 3x10% to 22x108. Typi-
cally, there is only a small change in the increment in
rolling moment coefficient between Reynolds numbers
of 22x10° and 30x10°. The influence of Reynolds num-
ber on the increment in rolling moment coefficient is
generally larger for the 20° spoiler deflection.

2. For the clean wing configuration, the trailing cdge
pressure becamc more positive (less ncgative) as the
Reynolds number increases. Separated flow regions
tended to become smaller as the Reynolds number
increased.

3. For the spoiler-deflected configuration, there is a
significant separated flow region downstream of the
spoiler. Up through a Mach number of 0.85, the peak
negative pressure coefficient becomes less negative with
increasing Reynolds number. The spanwisc pressure
coefficient distribution does not change drastically with
increasing angle of attack.

4. For the aileron-deflected configuration, the effect
of Reynolds number on the increment in rolling moment
coefficient is generally small with a general trend of
increasing magnitude with increasing Reynolds number.



Appendix

Procedure To Correct Results for Changes in
Dynamic Pressure

Test results were obtained at three levels of dynamic
pressure. The different applied loads on the model for the
three dynamic pressure levels led to three different
model shapes. A procedure has been developed and
applied to the data to correct the results at the shapes for
the two higher dynamic pressures to the shape at the low-
est dynamic pressure. This Appendix presents the uncor-
rected longitudinal force and moment coefficients,
cxamples of the correction procedure applied to the inter-
mediate and high dynamic pressure data, and the cor-
rected longitudinal force and moment coefficients.

The uncorrected longitudinal force and moment
coefficient data are presented in figure Al at conslant
Mach number. Trends shown arc typical for subsonic
configurations tested in the NTF, Increases in Reynolds
number at a constant dynamic pressure typically lead to
an increasc in the lift cocfficient at a given angle of
attack and a more negative (less positive) pitching
moment coefTicient at a given lift coefficient. The thinner
boundary layer, especially over the aft portion of the
wing, leads to a greater cffective aft camber, increasing
the lift and the nosc-down moment. Increases in Rey-
nolds number lead to decreases in the drag coefficient as
the skin friction coefficient decreases with increasing
Reynolds number. Increases in dynamic pressurc have
the opposite effect on the lift and pitching moment coef-
ficients. Increased load on the wing leads to increased
vertical displacements, especially on the outer portion of
the wing. Since the wing elastic axis is swept, the vertical
displacements lead to an increased nose-down local twist
angle, reduced lift, and reduced nose-down pitching
moment. Increasing dynamic pressure has a mixed effect
on the drag becausc of the changes in the wing profile
and induced drags. Typically, the effects of dynamic
pressure (i.e., static aeroclastic deformation) and Rey-
nolds number are of similar orders of magnitude and
often of opposite sign for tests such as this,

Standard Correction Procedure

The procedure used to correct results for changes in
dynamic pressure is the same for each of the model force
and moment coefficients. The correction to the pitching
moment coefficient at a Mach number of 0.70 is selected
as an example, since the effects are clearly visible in the
data in figure Al(b). A subset of these measured results
along with results from the procedurc are presented in
figurc A2. A second-order, polynomial curve is fitted to
segments of the pitching moment coefficient data as a
function of the angle of attack for each polar. From the

curve fits, the pitching moment coefficient is determined
at even increments of 0.2° over the experimental data
range. The experimental data are indicated by the large,
open symbols and the fitted points arc indicated by the
solid dots connected by solid, straight lines in figure A2.
The difference in the fitted points at a constant angle of
attack and Reynolds number is used to determine the
change in the pitching moment coefficicnt associated
with the change in dynamic pressure. This is done for the
increment between the intermediate and low dynamic
pressures (A;_) at a Reynolds number of 13x10° (top left
plot of fig. A2) and between the high and intermediate
dynamic pressures (Ap;) at a Reynolds number of
22x10° (1op right plot of fig. A2). The results at an angle
of attack of 1° are

AiiCpy = -.07150-(-.07894) = 0.00744
A;.1G./E = 0.4003x1070-0.2483%10° = 0.1520x10°
Ay iCy = -.07216-(-.07686) = 0.00470
Ap9./E = 0.5479x1070-0.4073x10°0 = 0.1406x10°°

The increments in pitching moment coefficient are
divided by the associated change in dynamic pressure (o
determine a sensitivity factor for aeroclastic effects
between the intermediate and low dynamic pressure

levels and a sensitivity factor between the high and
intermediate dynamic pressure levels.

A single step procedure is used to correct the results
at a Reynolds number of 22x10% and the intermediate
dynamic pressure (q./E = 0.4073x10% o the Tow
dynamic pressure. The required change in dynamic pres-
sure is

Areq@e/E = 0.4073x1076-0.2483x1070= 0.1590x10°¢

The single correction to the low dynamic pressure level

~ for the pitching moment coefficient (A;C,,) is the pitch-

ing moment coefficient sensitivity factor between the
intermediatc and low dynamic pressures multiplicd by
the required change in dynamic pressure:

AC, = (Ai-lcm)/kA;-lqw/E)x(Arquw/E)
=.00744/(.1520x1070)x(.1590x10°6)=-0.00779

As shown in the lower left plot of figure A2 (solid dots
connected by dashed line), the pitching moment at a Rey-
nolds number of, 22x10° corrected to the low dynamic
pressure is

Ci, = -0.07686-0.00779 = -0.08465

A two step procedure is used to correct the results at
a Reynolds number of 30x10% and the high dynamic
pressure level (q/E = 0.5523x107) 10 the low dynamic
pressure level. The first step corrects for the increment
between the high and intermediate dynamic pressure lev-
els and the second step corrects for the increment

(SR ——




between the intermediate and low dynamic pressure lev-
els. The required change in dynamic pressure for the first
step is

Areq@e/E = 0.5523x107%-0.4073x1070= 0.1450x10°°

The first correction, from the high to the intermediate
dynamic pressure level, for the pitching moment coeffi-
cient (A|C,,) is the pitching moment coefficient sensitiv-
ity factor between the high and intermediate dynamic
pressures multiplied by the required change in dynamic
pressure:

AiCh = (A iC)(An 9o/ E)X(Areq4/E)
=0.00470/(.1406x10°%)x(.1450x1079)=-0.00485

The required change in dynamic pressure for the sec-
ond step is

Areqlle/E = 0.4073x107°-0.2483x107°= 0.1590%10°°

The second correction, from the intermediate to the low
dynamic pressure level, for the pitching moment coeffi-
cient (A,C,) is the pitching moment coefficient
sensitivity factor between the intermediate and low
dynamic pressure levels multiplied by the required
change in dynamic pressure:

ACh = (ALC)(A19/ENX(Areqqe/E)
=0.00744/(.1520x1 0'6)X(. 1590x1 0'6)=-0.00779

The corrected pitching moment coefficient is the pitch-
ing moment coefficient at the high dynamic pressure
level summed with the corrections obtained from the first
and second steps. As shown in the lower right plot of fig-
urc A2, the pitching moment coefficient at a Reynolds
number of 30x10° corrected to the low dynamic pressure
is

C,, =-0.06352-0.00485-0.00779 = -0.07616

These two procedures were used to correct the mea-
sured data at Reynolds numbers of 22x10% and 30x10° 10
the low dynamic pressure. Second-order, polynomial
curves were fitted to the measured data at Reynolds num-
bers of 3x10% and 13x10° at the low dynamic pressure.
These results, all at or corrected to the low dynamic pres-
sure level, arc presented in figure A3. The results show

the expected trends with Reynolds number; that is, lift

and the nose down moment coefficients increase and the
drag coefficient decreases with increasing Reynolds
number. :

Modified Correction Procedure

No measured results were available for the configu-
ration with the outboard aileron deflected 10° at a Rey-

nolds number of 13x10%. Thus, the normal procedure to
correct the data at 22x10% and 30x10° could not be used.
For this special case, a modified one step method was
applied that used the increment in the measurcd model
force or moment coefficient between the intermediate
and high dynamic pressures to extrapolate to the low
dynamic pressure level. For the results at a Reynolds
number of 22x10% and the intermediate dynamic pres-
sure (qm/E=().4073x10"6), the required correction for
dynamic pressure is

Areq@o/E = 0.4073x1076-0.2483x10°0 = 0.1590%10°

The only sensitivity factor available is between the high
and intermediate dynamic pressure levels. The single
correction (A) to the pitching moment coefficient is the
product of the sensitivity factor between the high and
intermediate dynamic pressure levels and the required
change between the intermediate and low dynamic pres-
sure levels:

A,C,= 0.00470/(0.1406x10°%)x(0.1590x10°%)=0.00532
The corrected pitching moment coefficient is
C,y = -.07686 - 0.00532 = -0.08218

This value is reasonably close to the corrected value
of -0.08465 from the standard correction procedure in the
previous section.

For the results at a Reynolds number of 30x10% and
the high dynamic pressure (4. /E = 0.5523x10°), the
requircd correction for dynamic pressure is

Areq@o/E = 0.5523x1076-0.2483x10°® = 0.3040%10°

The only sensitivity factor available is between the high
and intermediate dynamic pressure levels. The single
correction (A|) to the pitching moment coefficient is the
product of the sensitivity factor between the high and
intermediate dynamic pressure levels and the required
change between the high and low dynamic pressure
levels:

A,C,= 0.00470/(0.1406x10%)x(0.3040x10%) = 0.01016
The corrected pitching moment coefficient is
C,, =-.06352-0.01016 =-0.07368

This value is reasonably close to the corrected valuc of
-0.07616 from the standard correction procedure in the
previous section. The modified procedurc does a reason-
able job of correcting the results at the higher Reynolds
numbers when the part of the data required for the
dynamic pressure correction is missing.
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Figure A2. Tllustration of steps in the bascline process to correct force and moment coefficients for static aeroelastic

effects. Dots are curve-fit values.
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Table 1. Description of the Model

Body:
Maximum diameter, in. .................. 5.75
Length,in. ............................ 60.5
Wing (based on trapezoidal planform):
Aspectratio.. . ... ... i 9.8
Taperratio ........... ... . ... ..., 04
Sweep, quarter chord,deg ................ 30.0
Dihedral, deg ........................... 5.0
Mean geometric chord,in................ 5.742
Span,in. .............. e L
Reference area, f2 1.9884
Table 2. Design Location for the Lower Surface Orifices

Table 3.

Dcsign Location for the Upper Surface Orifices

x/c forrow atny =

x/c forrow at =

1.000

0.140 | 0.275 | 0375 | 0.509 | 0.630 | 0.790 | 0.922
0.025 | 0.025 7 0.025 | 0025 | 0.025 0.025“ 0.025
0.050 | 0.050
0.075 | 0.075 | 0.075 | 0.075 | 0.075 | 0.075 | 0.075
0.100 | 0.100
0.125 1 0125 [ 0.125 | 0.125 | 0.125 | 0.125 | 0.125
0.150 | 0.150
0.200 | 0.200 | 0.200 | 0200 | 0.200 | 0.200 | 0.200
0.300 | 0.300 | 0.300 | 0300 | 0.300 | 0.300 | 0.300
0.400 | 0.400 | 0400 | 0.400 | 0.400 | 0.400 | 0.400
0.500 | 0.500 | 0.500 | 0.500 | 0.500 | 0.500 | 0.500
0.600 | 0.600 | 0.600 | 0.600 | 0.590 | 0.580 | 0.600
0.700 | 0.700 | 0.700 | 0.700 | 0.700 | 0.700 | 0.700
0.800 | 0.800 | 0.800 | 0.800 | 0.800 | 0.800 | 0.800
0.900 | 0.900 | 0.900 | 0.900 | 0.900 | 0.900 | 0.900
0.950 | 0.950 } 0.950 | 0.950 | 0.950 | 0.950 | 0.950

1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000

0.140 | 0.275 | 0.375 | 0.509 | 0.630 | 0.790 | 0.922

0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
0.025 | 0.025

0.050 | 0.050 ; 0.050 | 0.050 | 0.050 | 0.050 | 0.050
0.075 | 0.075

0.100 | 0.100 | 0.100 | 0.100 | 0.100 | 0.100 | 0.100

0.150 | 0.150 | 0.150 | 0.150 | 0.150 | 0.150 | 0.150

0.200 | 0200 | 0200 | 0.200 | 0.200 | 0.200 | 0.200

0.250 | 0.250 | 0.250 | 0.250 | 0.250 | 0.250

0.300 | 0.300 | 0.300 | 0.300 | 0.300 | 0.300 | 0.300

0.350 | 0.350 | 0350 | 0.350 | 0.350 | 0.350

0.400 | 0.400 | 0400 | 0400 | 0.400 | 0.400 | 0.400

0450 | 0.440 | 0.440 | 0.440 | 0.440 | 0.440 | 0.440

0.500 | 0.480 | 0.480 | 0.480 | 0.480 | 0.480 | 0.480

0.520 | 0.520 | 0.520 | 0.520 | 0.520 | 0.520

0.550 | 0.560 | 0.560 | 0.560 | 0.560 | 0.560 | 0.560

0.600 | 0.600 | 0.600 | 0.600 | 0.600 | 0.600 | 0.600

0.640 | 0.640 | 0.640 | 0.640 | 0.640 | 0.640 | 0.640

0.680 | 0.680 | 0.680 | 0.680 | 0.670 | 0.680 | 0.680

0.720 | 0720 | 0.720 | 0.715 | 0.695 | 0.730 | 0.730

0.750 0.740 | 0.760 | 0.760

0.770 | 0.780 | 0.770 | 0.760 | 0.780 | 0.790 | 0.790

0.820 | 0.820 | 0.830 | 0.820 | 0.830 | 0.845 | 0.825

0.855

0.880 | 0.880 | 0.880 | 0.880 | 0.880 | 0.875 | 0.890

0.905
0.940 | 0940 | 0.940 | 0.940 | 0.940 | 0.950 | 0.940
1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000

oMU omemne
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Tablc 4. Balance Full-Scale Load and Accuracy as a

Percent of Full Scale

Mcasured
Component

Value for—

Outboard spoiler test Outboard aileron test
with NTF101B balance | with NTF113B balance
calibrated on 6/8/95 calibrated on 7/27/95

Accurac Accurac
Full-scale Y | Full-scale Y
percent of percent of
foad load
full scale full scale

Normal force

6500 1b 30.10% 6500 b +0.08%

Axial force | 7001 | 0.18% | 4001b | +0.28%
Pitching 1,3 000 in1b| 40.12% {13,000 in-1b| +0.09%
moment
Rolling |y 60 inab | +0.35% | 9.000in-lb | +0.22%
moment
Yawing | coo0inb | £031% | 6500in-Ib | £0.14%
moment
Side force | 400016 | +021% | 40001b | 0.19%

Table 5. Uncertainty in the Model Force and Moment

Coefficients

Coefficient

Uncertainty at ¢,,/E=

0.28x10°° 0.45x10°0 0.62x10

Qutboard spoiler

CL 0.0031 0.0019 0.0014
Cp 0.00063 0.00041 0.00033
C, 0.0013 0.0008 0.0006
o 0.00030 0.00018 0.00013
C, 0.00018 0.00011 0.00008
Outboard aileron
Cp 0.0025 0.0016 0.0011
Cp 0.00056 0.00038 0.00030
Cp, 0.0010 0.0006 0.0004
G 0.00019 0.00012 0.00008
c, 0.00008 0.00005 0.00004
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Table 6. Test Conditions for Outboard Spoiler Test

Spoiler defiection angle, deg, at REXIO'(’of—

3 13 13 22 22 30
M with— | with— | with— | with— | with— | with—
Low Low Inter. Inter. High High

Geo oo Goo Goo oo Goo

fevel fevel level level level level

0, 10, A 0, 10. A 0. 10,

0.70 15,20 0,20 20 20 10,20 20
0,10 0,10 0, 10

, 10, , 10, - , 10,

0.80 15,20 0,20 20 20 10, 20 20
0,10, | 0,10, 0, 10, 0, 10,

082 1 1550 ] 20 | ¥ 0 | 1920 20
0,10, | 0,10, 0, 10, 0, 10,

7

085 | 15501 20 | % o | 1920
0,10, | 0,10, 0,10, 0, 10,

0.88 15,20 20 20 20 10,20 20
0.91 0,10, | 0,10, 20 0, 10. 0, 10, 0, 10,

15,20 20 20 20 20

0,10, | 0,10, 0, 10, 0, 10, 0, 10,

0.94 15,20 20 20 20 20 20




Table 7.

Test Conditions for Outboard Aileron Test
Aileron deflection angle, deg. at RgxlO’6 of —
3 13 13 22 22 30 30
M with— | with— | with— | with— | with— | with— | with—
Low Low Inter. Inter. High Inter. High
oo Qoo G Geo oo G oo
level level level fevel level level level
-10, 0, -10,0, -10,0,
0.50 10 -10,0 | -10,0 10 10
-10, 0, -10,0, | -10,0, -10,0,
0.70 10 -10,0 | -10,0 10 10 10
-10, 0. -10,0,
0.80 10 -10,0 | -10,0 10 -10,0 -10,0
-10,0 -10,0, | -10,0 -10, 0
" 00| ) 0, , 0. , 0,
0.82 10 10,0 10,0 10 10 10
-10, 0, -10. 0,
0.85 10 -10,0 | -10,0 10 -10,0 -10,0
-10, 0, -10,0, | -10,0, -10,0,
0.88 10 -10,0 | -10,0 10 10 10
-10, 0, -10,0, -10,0,
0.91 10 -10.0 | -10,0 10 -10,0 10
-10, 0. -10,0,
0.94 10 -10,0 | -10,0 10
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Figure 1. Body axes and sign conventions.
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(a) Model installed in the NTF test section.

Figure 2. Photographs of the Pathfinder-I Lateral Controls Wing model.
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(b) Outboard spoilers.

(c) Outboard aileron.

Figure 2. Concluded.
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1 .0\?' single spoiler panel

we mounting pad
e hinge line
BRI S 2 I B '
. 1 1
0.730 o .. s

0503 —k—sk—— 2500 ——|

e———— 3.506 ——— >

(b) Outboard spoiler details.

n=-.755
N
1=-.950 31.8°
3.161
]"|=-1000
c=4.215
¢=3.305
) ¥
iy 26.0°
1f|2.479
' 1.054
|~ 4.0°
we
W P NT V ——
0.826

(¢) Outboard aileron details.

Figure 3. Concluded.
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Figure 4. NTF operating envelope and nominal test conditions for the Pathfinder -1 Lateral Controls Wing. M, = 0.82.

52



Inner control point,
x=0.54,y=372

Middle control point,
x=0.40,y =997

Strip of
transition disks

Disk diameter 0.045
height 0.0035

spacing 0.100

QOuter control point,
x =0.33, y=25.52

Figure 5. Location of boundary layer transition disks on the wing. All dimensions in inches.
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Figure 7. Effect of Reynolds number on the aerodynamic characieristics with the outboard spoilers for 8 = 10°.
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Figure 7. Continued.

60



.008

004

-.004

-.008 |-

ACl
-.012

-.016

-.020

-.024 T

-.028 [

(b) M, = 0.80.
Figure 7. Continued.

61

10

.002

0 AC,

-.002

-.004



{ b
1./
//

lllll

10

!

.05

TT 1T

ACL 0

|
\
A
/l

-.05

T 1T

-.10

!

-.15

o, deg

(b) Concluded.

Figure 7. Continued.

62

10

10
.05
0 ACh

-.05

-.10



A
=

I
|
iy
o
[
1
\

008 = T T T T T T T A
004 |
o

-.004

-.008

\yepe.
I |

o1 5 ..,\;\\ _/’ ;

-.016 -

-.020

-.024 -

028 [ BN

Lo L

-4 -2 0 2 4
o, deg

(c)M,_,=0.82.

6

Figure 7. Continued.

63

8

10

.002

0 AC,

-.002

-.004



i

o

i1 1

P 10d

.10

]lllll

'

.05

T 1T

ACL 0

-.05

1
]
14
A
\:\{; 1
i \S“

-.10

-.15

-2 0 2 4
o, deg

(¢) Concluded.
Figure 7. Continued.

10

.05

o
>
O

3

1
o
0]

1
-
o

n (IR A U T {1 RWITT T T TR



008 |

004 |-

-.004 -

-.008 |-

ACy
-.012

-.016

-.020 :

-.024

-.028

4
A\

—..____=> —

S

AN

Pl b id

2 4
o, deg

(dy M., =0.85.
Figurc 7. Continued.

65

6

8

-.002

-.004

10



10

Lt

.05

L1])

0 AC,

-.05

10

T

-.10

.............

.05

........

ACL 0 -
-.05 |

-.10

-.15 [

2 4
o, deg

{(d) Concluded.
Figure 7. Continued.

66



.008 |

004

-.004 -

008 :

ACl

012 L
-.016 |
-.020 |

ooa I

-.028

\\
\'y

o = — -

o, deg

(¢) M,, =0.88.

Figure 7. Continued.

67

.002

10 AC,

-.002

-.004



W |

T §5~§

11 1.1

1111

10 H
05 |

ACL

74N

-.05 [
-10 |

-.15 [

4 R
o, deg

{e) Concluded.
Figure 7. Continucd.

68

10

-
o

.05

-.05

-.10




-
\

008 | ENN

e

.004

..004 [
-.008
ACl -
-.012
-016 |
020 |
-.024

-.028

L1 i

2 4
o, deg

(H M, =0.91.

6

Figure 7. Continued.

69

.002

0 AC,

-.002

-.004

10



10

.05

ACL 0

-.05

-.10

-.15

RERRN

T

¥

‘x&k

L

T

T

o, deg

(f) Concluded.

Figure 7. Continued.

70

10
.05
0 AC
-.05

-.10



008 |

.004 -

-.004

-.008 :

ACl

012 -

-.016 -

-.020

-.024 [

-.028 L

.....................

i e b

o, deg

(g) M, =0.94

2 4 6

Figure 7. Continued.

71

8

-.002

-.004

10



10

l!IlIT}l

.05

Illlll

ACL 0

'

N
\

1

|
i
1

|

\

\
7,
[

-.05

-.10

-.15

o, deg

(g) Concluded.
Fighre 7. Concluded.

72

10

10

.05

0 ACp

-.05

-.10




.oos‘wifm | 9 =1 | 1 oo

7
}
il
JH|
I

004 ———— - ot -.004

-.004

-.008

ACy

T T

-012 — SEEE EE W

L

il
n

016 ===t -t

T
1}

-020 B Rg x 1076 |

— 3
————————— 13

F ~ e % |
028 Lo L i 0 .
4 2 0 2 4 6 8 10

o, deg

(a)y M, =0.70.
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73



AC,

.10

L 1!

.05

0 ACn

I 1 #

-.05

|

10 H
.05

-.05

2\,

\
W\

-.10

-15

o, deg

(a) Concluded.

Figure 8. Continued.

74

10



7 -002

0 AC,

004 . BT N S B I T | -.004

. : ......
004 —— |

-.008

ACy BN |
ot L
-.016_

-.020

024y e T B L

-.028 [ L A LT
-4 -2 0 2 4 6 8 10
o, deg

(b) M, =0.80.
Figure 8. Continued.

75



|'
|
i
\
i

il

G
: —_—.—/—_—’
Py — 4 =y
T [
H : Ne o

T 1T

| i . | I

-4 -2 0 2 4 6 8 10
o, deg

(b) Concluded.
Figure 8. Continued.

76

0 ACnh



.002

| / 0 ACy
pEEEE—e {4/ 4
.008 1 --002
.004 -.004
0 .....
i
-.004 /
-.008 i
AC;y !
-.012 i
{/f"
-.016 . ////
~ /;/‘f_f_gj B ; ' i
E—— 3. '
-.024 /T % H
30.
-.028 . I
-4 -2 0 2 4 8 10
o, deg
(c)M_, =0.82.

Figure 8. Continued.

77



10
05
ACL 0
-.05

-10

-15

e

\ )
; \L\\\:\

2 4
o, deg

(c) Concluded.

Figure 8. Continned.

78

10

10
05
0 AC,

-.05

-.10

1 N PR i 0



.002

/’._/_‘ 0 ACy,
//V/",‘ | ’ n -
.008 7 002
004 | 1-.004
0 [ /
i I/’
-.004 7
i :
-.008 | i
ACy /// /
-.012 /,»'
- / ,/
-016 | ‘ L :
- - j///
Ry
-.020 i N T R(—;X 10— i
- E— 3.
-4ttt — ;g |
. —-—-  30.
-.028 N NN
-4 -2 0 2 4 6 8 10
o, deg
(d) M., =0.85.

79

Figure 8. Continued.



10
.05
AC 0
-.05

-.10

-15

\

\

NN
AV

-2 0 2 4
o, deg

(d) Concluded.

Figuré 8. Continued.

80

10

10
05
0 AC,

-.05

-.10

W ——



.002
poSEnE 0 ACq
/;;/
.008 = * 1 -.002
004 -.004
0 /,/
'004 ; ,U//
i
-.008
ACy = /
-.012 {2
1
oo
-.016 ——1f
/7\4
~020 ViR Rz x 1076 ]
3. |
04—t -t T - B4
——— 30
-.028 RN N
-4 -2 0 2 6 8 10
o, deg
(¢c) M, =0.88.

Figure 8. Continued.

81



10
.05
ACL 0
-.05

-.10

-15

.
[~ =y
N
......... \\\E'(‘
o -
e
NS

‘\‘\\
)

AN

2 4
a, deg

r(c) Concluded.

Figurce 8. Continued.

82

10

10

.05

0 AC

-.05

-.10




) F:—-_r ]
.008 -
.004 .
Sy vAE
0 A
o=
004 /4
y /
4
/
-.008 i
AC;
-.012 ya
N /
-.016
-.020 Rex 1061
—_— 3.
024 —r—"F—At——— N H
[ ———- 30

-.028 [ . Co T e b

-4 -2 2 4 6 8 10

o, deg
(Hh M, =0.91.

Figure 8. Continued.

83

002
0 AC,

-.002

-.004



10

.05

ACL 0

-.05

-.10

-.15

10

.05

A

TR\

0 AC

-.05

,,,,,, Rg x 1076
] — 3.
I 13.
L — 22
- ——-—- 30

-.10

DY

T
|
|

| B4
(-

NN

-2 0 2 4
o, deg

(f) Concluded.
Figure 8. Continued.

10



.008
004 |
ot

i f\,/__yé//—a::‘—/
= ,,..%;‘—’__ ///,/‘ :

-.004 | A

7/
-.008 —4
ACy - | /;/
-.012 ;

-.016

-.020

-.024 -

-.028 L

S

0 2 4
o, deg

(g) M., = 0.94.

6

Figure 8. Continued.

85

8

- -.002

-.004

10



Ll

\
Al

10

.05

ACL 0

"
//
—Tc/:’c;—»{/ i

-.05

-.10

-.15

2 4
o, deg

(g) Concluded.
Figure 8. Concluded.

86

10

10
.05
0 AC,

-.05

-.10




0oe

“JUSLWAIDUT TUSIDLJI00 Juswow Sul[[oI oY) U0 uond3[Jap 19j1ods Jo 100137 "6 N3]

oS 1= =0 (8)

g0l x 2y g0} X2 g-01 X2y
0] 0c 0] ¢ 0 0] 014 ]t 0 0] 0¢ ol 0
- — el
ot s e SNEE
@QU .m@ | \\.\FII‘!‘I
) - .
90} >x=d Y60 =W 160 =W '88'0 = W
0¢ 0]% 0

‘680 =" 280 =" ‘080 ="IN 040 =N

0c0™-

S10™-
ol0™-

oy
500"

S00°
G20
020°-
G510

Iov

010~

S00™-

87



'S80 ="

"ponunuo)) *6 2Ny
200 =0 (q)

9-01 X 2y

o 0¢ O} 0 o0 0c Ol

oe

880 =W

T I I LI L] I
N =l
Tt
i
™~
.
o
i r][lllll .
—_ 02 . . — o0
v6'0 =" 160 = N
T T
o o T T - S
i N -t - et
w3 Ny
N
~ - !
S —— o
-
]
]

I

280 =" ‘080 ="

040 ="

0c0-

SL0™-
0L0"-

S00'-

SO0
Ge0-

020"
510
010"

S00°-

NOQ

e}

88



0 -
ol
Bop 'S¢
g0} X2y
o0c 02 0L 0
E e S
‘680 =N

papn[ouo)) ‘6 AN

0= ()
g-01 X2y g0 X2y g-01 x 24
0z O 0 0 02 O O 0 02 Ob O
. TTT] 020"
. 10"
_ 0L0-
. B ,.r.uyl//- RS 500
— el i l - o
w - L 500
P60 =N 160 =N 880 ="
520'-
e e 020"
] =510
. _ — e 010"
500-
_ 0
280 =N ‘080 =N ‘0L0 ="

NOQ

Iov

89



“1mod [onuod 1oy10ds oY) uo 1oquinu spjoukay Jo 191 "] 2unSig

oS I—=0(®)

Bop ‘Sg Bep *S¢ Bep *S¢
o 02 O 0 O0c 02 O O O 02 OFL O

T _ T T TR T T T T 7] 020™-

! —— ,. //r/

Y — N NG
®T — N EESRESANY gt~

o
L2 .~
7
i
i

.
o’

010~

70%

e

’d

-
Py

A -

_ ; —L : S00
Bop *Sg V60 =W 160 =W '88°0 =W
0c 0] 0

T T . Ll Gco'-

1L

020~

7

5
Pt
‘o

- Ny | N , S0~

=

,_,,/ . L T = / N H 010~

et~

7
. ;/

%V o ' / [ . : )r G00'-

'S80 =" ‘280 =" ‘080 =" '0L0 =W



0oe

0 -—--—
K14 —
e
't
-0 x2y
Bap ¢
02 0 O
AN
O
N
//
N
\
N
K \
w4l
,%i
'S80 ="

0e

‘panunuo)) ‘0] An3L]

'60'0="(q)
Bap 'S¢ Bap *SQ
0¢ Ol 0 0€ 0¢ (0] 8 0
T
/,,.,./,
NSO
2N
NS =~
v6'0 =N 60 ="
T
X N\
N\
L\ Y
N\ . W\
M\ AAY
N N
M A,
bAY \
\ \
\ \
] A\
N
280 =" 080 ="\

0¢

p
g

'88°0 ="

‘0L0 =N

0¢0™-

Gi0™-

010"~
1oy
S00'-

500°
520'-

0c0"-

G10'-
Ioy
0L0"-

S00™-

91



"pPopn[ou0) 0] 231

0T =0 ()

Bep S¢ Bop S Bop ‘Sg
06 02 O, O O 02 O O o0 02 O O
) TITTIrrTrT] rrrryrT I B : ! _ ] 00~

[

Gi0™-

010 -

Iov

. - — = S00'-

s Ny
/, - A/A,H,H O
. “
— . _ 1 500 2
aw [+<} w N oo - . o0
Bap ‘59 60 =W 160 = "W 88°0 = "W
0] 0c 0] 0
L I | LI ] 1 1 mNo-l
N — 0c0’-
,. m Yy —]
N ; SN\ N
ﬂ ,Vr A : i
A XY ; N D GSLO-
AM/ YN ; /&1 N N
\ \Y
NS _ /,4,. T . \3 oV
NS : N , » AN 0L0-
\ NN A\ N\
ok N : N\ N\
AN : : 3\ ANY N 00 -
V. I X\ b \ N
B a : ] B\ N
/// H \ ¢
m , o o0 o
'S8'0 = "W 280 = "I ‘080 = "W ‘0L°0 =W




Rz x 106
ds = 0° (Starboard wing)  —________ 13é_ ds = 20° (Port wing)
-.8 —_ 22. o ‘
Jlo=-18° —————— 30. BN : a=-15
-4 A
Cp.te : N\
N\
0 ] ';h _ s NG
4
-.8
N a= 00 o= 0.0°
-4 7 NN
Cp.te — - ‘
O My ] e i v// \‘\
4
=20 loa=20°
A
-4 . /l
Cp,te 3 §
0 = = s e i W el
4
o= a0 i a= 4.0°
-4 i
Cp,te \‘\
0 S T S = N
4
0 2 4 .6 8 1.0 0 2 4 .8 1.0
n n
(ayM_, =0.70.

Figure 11. Effect of Reynolds number on the trailing edge pressure distribution.
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Figure 12. Effect of Reynolds number on the chordwise pressurc distribution for n = 0.509.
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